Axons fail to regenerate after spinal cord injury (SCI) in adult mammals, leading to permanent loss of function. After SCI, ensheathing cells (ECs) promote recovery in animal models, whereas methylprednisolone (MP) promotes neurological recovery in humans. In this study, the effectiveness of combining ECs and MP after SCI was investigated for the first time. After lesioning the corticospinal tract in adult rats, ECs were transplanted into the lesion, and MP was administered for 24 hr. At 6 weeks after injury, functional recovery was assessed by measuring successful performance of directed forepaw reaching (DFR), expressed as percentages. Axonal regeneration was analyzed by counting the number of corticospinal axons, anterogradely labeled with biotin dextran tetramethylrhodamine, caudal to the lesion. Lesioned control rats, receiving either no treatment or vehicle, had abortive axonal regrowth (1 mm) and poor DFR success (38 and 42%, respectively). Compared with controls, MP-treated rats had significantly more axons 7 mm caudal to the lesion, and DFR performance was significantly improved (57%). Rats that received ECs in combination with MP had significantly more axons than all other lesioned rats up to 13 mm. Successful DFR performance was significantly higher in rats with EC transplants, both without (72%) and with (78%) MP, compared with other lesioned rats. These data confirm previous reports that ECs promote axonal regeneration and functional recovery after spinal cord lesions. In addition, this research provides evidence that, when used in combination, MP and ECs improve axonal regrowth up to 13 mm caudal to the lesion at 6 weeks after injury.
Unlike axons in the peripheral nervous system (PNS), which have the capacity to regrow (Fawcett and Keynes, 1990; Raivich and Kreutzberg, 1993) , injured CNS axons fail to regenerate (Schwab and Bartholdi, 1996; Nicholls et al., 1999) . The one exception is found in the olfactory system. Olfactory neurons have a life span of 4 weeks (Graziadei and Monti-Graziadei, 1978) ; when they die, new neurons originating from neuroepithelial precursors located in the olfactory epithelium (Graziadei and MontiGraziadei, 1978) successfully reinnervate the olfactory bulb and form functional synapses (Kosaka et al., 1998) . Fascicles of olfactory axons are ensheathed throughout the PNS (Doucette, 1991) and into the CNS (Doucette, 1993 ) by a glial cell termed olfactory ensheathing cells (ECs) (Doucette, 1984) .
Based on their unique ability to promote regeneration in the olfactory system, researchers have transplanted ECs after spinal cord injury (SCI) to determine whether ECs retained their ability to promote regeneration. After injection of EC suspensions at the site of a dorsal rhizotomy in rats, regenerating axons regrew into the spinal cord gray matter (Ramon-Cueto and Nieto-Sampedro, 1994) . ECs transplanted into spinal cord after electrolytic destruction of the corticospinal tract (CST) resulted in the growth of CST axons through the transplant into the host CST and restoration of directed forepaw reaching (DFR), a measure of function (Li et al., 1997) . In a subsequent study using the same experimental model, regenerating CST axons were found in parallel bundles that crossed the lesioned area and reentered the spinal cord after transplantation of ECs into the injury site (Li et al., 1998) . Using Schwann cell-filled guidance channels combined with injections of ECs, transected spinal cords were found to contain propriospinal axons that regenerated 2.5 cm (RamonCueto et al., 1998) . Recently, ECs were shown to promote axonal regeneration and restore climbing abilities in rats after complete spinal cord transection (Ramon-Cueto et al., 2000) . Therefore, ECs are recognized as a valuable tool in promoting spinal cord regeneration (Bartolomei and Greer, 2000; Franklin and Barnett, 2000; Raisman, 2001; Treloar et al., 2001) .
A common treatment for SCI in human beings is administration of methylprednisolone (MP), a synthetic glucocorticoid steroid initially developed for its enhanced anti-inflammatory activity and lessened mineralocorticoid activity relative to cortisol, the prototypical glucocorticoid (Hall, 1992) . The extreme lipophilicity of MP, a drawback to its intravenous use, has been overcome by the production of an MP-hemisuccinated ester (Solu-Medrol). When Solu-Medrol is injected into the body, the ester is liberated from the pro-drug, releasing the free steroid that is believed to cross the blood-brain barrier (Hall, 1992) . Although glucocorticoids have been used in clinical treatment of spinal cord trauma since the 1960s, it was animal research investigating the neuroprotective pharmacology of MP at various dosing regimens after SCI , 1983 , 1984 McGinley et al., 1982; Hall et al., 1984; Braughler et al., 1987 ) that lead to the first (Bracken et al., 1984) , second (Bracken et al., 1990) , and third (Bracken et al., 1997 ) National Acute Spinal Cord Injury Study, to optimize parameters for neurological recovery after acute SCI in humans.
Although many therapies to promote regeneration after SCI have been investigated, at present, it does not appear that any single therapy will solve all of the problems associated with the lack of regeneration after SCI. Two therapies shown to promote repair after SCI when used alone are ECs and MP. Therefore, we examined the effects of combining MP administration with EC transplantation on regeneration of the CST after injury. Here we report that this combination of treatments promotes longdistance regrowth of CST axons and functional recovery after acute cervical SCI in the adult rat.
MATERIALS AND METHODS Subjects
Eighty-one adult Sprague Dawley rats (300 -400 gm; Taconic Farms, Germantown, N Y) were used in this study. T wenty rats were use to harvest EC s for transplants, and 61 rats were randomly placed into control and experimental groups. Of those 61 rats, 17 were eliminated from the study either because they did not survive beyond 14 d after surgery (n ϭ 15) or they failed to train in response to a food reward before surgery (n ϭ 2).
Surgeries Cultures
EC s were harvested and purified following a previously described technique (Nash et al., 2001) . Briefly, the rats were anesthetized and decapitated, and the nasal and frontal bones were removed. Olfactory nerve rootlets and olfactory bulbs were detached. The rootlets and outer two layers of the olfactory bulb were dissected, retained, triturated, and trypsinized. After the cells were centrif uged, media was added to yield a suspension containing 8.5 ϫ 10 5 cells/ml. The cell suspension was seeded into an uncoated flask and incubated (48 hr, 37°C and 5% C O 2 ) for purification. During this 48 hr period, all other cell types in the cell suspension attached to the uncoated plastic flask, whereas the EC s remained in the supernatant. Using this, our previously described purification process (Nash et al., 2001 ), the EC s had been found to be ϳ93% pure. Right after purification, the EC s were centrif uged and labeled with C ell Tracker green (50 M; Molecular Probes, Eugene, OR) for immediate transplantation.
Surgical procedures
Rats were randomly assigned to control or experimental groups. The three control groups were as follows: sham (n ϭ 5), lesion (n ϭ 5), and vehicle (n ϭ 5). The three experimental groups were as follows: M P (n ϭ 10), EC (n ϭ 9), and M P/ EC (n ϭ 10).
After anesthesia with isoflurane (5%; Abbott Laboratories, North Chicago, IL) and application of ophthalmic ointment (E. Fougera & Co., Melville, N Y), the rats were placed on an operating board in such a way as to bend the cervical spinal cord for maximum exposure. A laminectomy was performed exposing the dorsum of the spinal cord between C2 and C4. The dorsal columns were identified bilaterally, and, in all rats except for those in the sham group, a suture needle was passed through the spinal cord, isolating the dorsal f uniculus. The suture thread was gently lifted, and a pair of iridectomy scissors was used to bilaterally transect the dorsal f uniculus, thereby transecting the dorsal C ST. Visualization of the dorsal horns and the central gray commissure confirmed accuracy of the lesion borders. EC s prelabeled with C ell Tracker green were injected (10 l Hamilton syringe) into the cut surfaces of the C ST (two injections in the rostral surface and two in the caudal surface). The injections were made just below the cut surface of the spinal cord, and each injection was ϳ500 m lateral to the posterior median septum and ϳ500 m dorsal to the central gray matter. Each injection site received 0.5 l of a suspension containing 50,000 EC s in DM EM (Biofluids, Rockville, MD), and injections were administered consecutively over ϳ2 min. Rats receiving the vehicle for EC s were injected with an equal volume of DM EM into the C ST. A pledget of biodegradable Gelfoam soaked in Fluorogold (3% in 0.9% saline; Molecular Probes) was placed in the lesion site (see Tracers below). The overlying muscles and skin were sutured, and the rats were placed on a heating pad to maintain body temperature. Each rat received a single dose of buprenorphine (0.1 mg / kg; Reckitt & Colman Pharmaceuticals, Richmond, VA) immediately after surgery to alleviate pain. One hour after the spinal cord was lesioned, a bolus injection of M P sodium succinate (Solu-Medrol, 30 mg / kg; Pharmacia Upjohn, Kalamazoo, M I) in 0.9% saline was administered via a tail vein. This injection was followed by four subsequent administrations of M P into a tail vein (30 mg / kg) at 6 hr intervals. Rats receiving vehicle for M P underwent the same treatment regimen but were injected with an equal volume of 0.09% saline in a tail vein. For all lesioned rats, their bladders were manually expressed immediately after surgery and three times per day until spontaneous urination returned.
Tracers
During surgery (see Surgical procedures), a fluorescent retrograde tracer, Fluorogold, was administered to identif y the neurons whose axons were transected, confirming the lesion. Seven weeks after injury, rats were prepared for injection of biotin dextran tetramethylrhodamine (BDT; Molecular Probes). This fluorescent anterograde tracer, injected into the primary motor cortex, was used to label C ST axons caudal to the lesion site in the spinal cord. After anesthesia with isoflurane (5%), rats were placed in a stereotaxic instrument, and a total of six stereotaxically determined holes (0.9 mm diameter) were drilled in the skull over the primary motor cortices associated with the forelimbs. The anteroposterior (AP) and mediolateral (ML) coordinates for these injections, from bregma, were as follows: ϩ0.5 AP and Ϯ3.5 ML; ϩ1.5 A / P and Ϯ2.5 ML; and ϩ2.5 AP and Ϯ1.5 ML. All injections were delivered at a depth of 2.5 mm from the surface of the skull. A 10 l Hamilton syringe was used to inject BDT bilaterally into layer V of the cortex. Three injections into each cortical hemisphere were used to administer a total of 1.2 l of the anterograde tracer. Bone wax (Ethicon, Somerville, NJ) was used to seal the holes in the skull, the scalp was sutured, and a single dose of buprenorphine (0.1 mg / kg) was administered immediately after surgery to alleviate pain. Rats were killed 3 d after tracer injections.
Functional testing Apparatus
A modified version of an apparatus (C astro, 1972) designed to test DFR was used to measure grasping ability ( Fig. 1 A, B) . The apparatus was a box with two compartments separated by a Plexiglas divider. The two compartments comprised a main compartment (30.5 ϫ 6.25 ϫ 5 inches) for the rat and a minor compartment (30.5 ϫ 3.5 ϫ 3 inches) for the food reward, which was subdivided into 14 adjacent slots of equal size (2 ϫ 1.25 ϫ 3 inches). The floor of the minor compartment was made of a movable shelf. The shelf was usually pulled back to produce a 0.75 inch opening in the floor between the compartments but could be pushed in (see Testing procedures) to produce a continuous floor between the two compartments. All presurgical and postsurgical testing was performed with the three-quarter inch opening in the floor. The Plexiglas divider (30.75 ϫ 0.25 ϫ 5 inches) separating the rat compartment from the food compartment had 14 semicircular holes drilled into the bottom, each of which was 0.50 inches in diameter A single 190 mg food pellet (Bio-Serv, Frenchtown, NJ) was placed into each of the 14 slots in the minor compartment. The rats were required to extend a forelimb through the holes in the Plexiglas divider to grasp a food pellet. The rats could use either forelimb to retrieve the food pellet, but the holes in the Plexiglas divider were only large enough to admit one limb at a time. The opening in the floor ensured that the rats grasped and lifted the food pellet to retrieve it. If a rat attempted to scoop or rake a pellet out of the slot without grasping and lifting it, the pellet would fall irretrievably through the opening in the floor.
Testing procedures
Before surger y. Rats were food restricted, receiving ϳ3 gm food /100 gm body weight per day, before and throughout training and testing. Weight was monitored to ensure that rats were reduced to no less than 80% of their original body weight at any time. All rats were given shaping periods for 2-3 d in the box to allow them to learn the task while they became familiar with the testing situation. During these shaping periods, the Plexiglas divider was initially raised 1 inch above the floor, then lowered to 0.25 inches, and then positioned flush against the floor; all rats were trained and tested at this most stringent level. It has been demonstrated that rats exhibit a paw preference that can be disrupted after unilateral lesioning of the neurons or axons corresponding to the preferred limb (C astro, 1977; Kartje-Tillotson and C astro, 1980) . In our study, however, a bilateral lesion was created that disrupted grasping in both paws; therefore, data on paw preference was not collected. Animals were trained twice per day for 5 d and then tested twice per day for 5 d, and presurgical DFR data were collected. During the testing period, rats were given 5 min to complete the task and were allowed to make as many attempts as they wanted during this time period. Rats were required to return to at least 95% of their original weight to ensure that they were healthy before undergoing surgery.
Af ter surger y. Rats were trained twice per week during weeks 2-5 after surgery. Some rats were profoundly impaired when they attempted to perform the grasping portion of the DFR task in the early postsurgical period and were therefore completely unable to retrieve the food reward. For those rats, the opening in the floor of the apparatus was closed to allow the food to be raked into the main compartment, ensuring that the reaching portion of the DFR task did not extinguish. The severity of the grasping impairment decreased as the postsurgical period increased, and the opening in the floor was gradually reestablished. By the end of the postsurgical recovery period, all rats were able to successf ully perform the DFR task, to some degree, with the 0.75 inch opening in the floor of the apparatus. During the sixth week after surgery, rats were tested twice per day for 5 d, and postsurgical DFR data were collected by a blinded investigator. Just as during the presurgery testing period, the rats were allowed 5 min to complete the task during the postsurgery testing period and were allowed to make as many attempts as they wanted during this time period.
The data were collected in terms of total number of attempts and percentage of successf ul attempts. An attempt was scored only when a rat reached into a slot and displaced the pellet or dropped it through the gap in the floor. A successf ul attempt was scored when a rat grasped a pellet, lifted it over the gap in the floor, and pulled it through the Plexiglas divider so the pellet was in the main portion of the testing apparatus. This conservative method of counting was used to reduce arbitrariness by the investigator and was important for interpretation of the data. Data were analyzed using the statistical software program Prism. A one-way ANOVA was performed, with an ␣ level of 0.05, followed by a Bonferroni's multiple comparison test. Data are presented as mean Ϯ SEM percentages.
Histology
Seven weeks and 3 d after lesioning, rats were anesthetized with chloral hydrate (10 ml / kg; Sigma, St. L ouis, MO) and perf used transcardially with 300 ml of PBS, pH 7.4, followed by 300 ml of 4% paraformaldehyde in 0.1 M phosphate buffer. After the animals were killed, all brains and spinal cords were removed and soaked overnight in 30% sucrose in a 0.1 M phosphate buffer solution. The brains were cut coronally and the spinal cords were cut horizontally at a thickness of 20 m with a freezing The DFR apparatus, viewed from above, with the opening in the floor at 0.75 inches, as was used for all testing procedures. C, Graph showing the successful performance of the DFR task (expressed as percentages of total attempts) when tested before surgery. As was required for inclusion in the study, the rats in all of the groups performed the DFR task successfully at least 90% of the trials. D, Graph showing DFR success for each group after surgery (expressed as percentages of total attempts). The sham group (94.86 Ϯ 0.86%) performed significantly better than all of the other groups. There was no significant difference in DFR success between the lesion (38.38 Ϯ 8.31%) and vehicle (42.41 Ϯ 7.10%) groups, although both performed significantly worse than the MP group (56.66 Ϯ 5.63%). Groups receiving ECs, both alone (71.84 Ϯ 5.20%) and in combination with MP (78.26 Ϯ 0668%), performed the DFR task significantly better than all other lesioned animals; however, these two groups were not significantly different from each other. Figure 3 . Data from 1, 10, and 19 mm caudal to the lesion. Representative photomicrographs of axons from the lesion, vehicle, MP, EC, MP/EC, and sham groups at each of these three distances caudal to the lesion. Axons are red because they are labeled with BDT. At 1 mm caudal to the lesion, there is no significant difference between mean number of axons of the lesion (A; 9.58 Ϯ 5.53) and vehicle (D; 10.95 Ϯ 3.25) groups, but there are significantly more axons in the MP group (G; 32.01 Ϯ 3.41). The EC group (J; 43.57 Ϯ 3.05) has significantly more axons than the MP group, and the MP/EC group (M; 55.99 Ϯ 2.96) has significantly more axons than all other lesioned groups. At this distance only, there is no significant (Figure legend continues.) microtome and mounted on ProbeOn (Fisher Scientific, Pittsburgh, PA) coated slides. Brain and spinal cord sections were examined using a Nikon (Tokyo, Japan) Labophot fluorescent microscope, and images were captured using a Sony (Tokyo, Japan) DKC 5000 C atseye digital still camera. The forelimb representation of the primary motor cortex was identified based on the stereotaxic BDT injection sites. Detection of Fluorogold-labeled neurons in layer V of the forelimb representation of the primary motor cortex confirmed lesioning of the C ST, because Fluorogold is taken up by cut axons but not intact axons.
Axonal counts
The spinal cord caudal to the lesion was examined, and the BDT-labeled axons occupying the region of the spinal cord normally occupied by the dorsal C ST were counted. After consulting with a biomedical statistician, it was determined that, with a 95% confidence level and an SD of 10 axons, a sampling fraction of 1:4 sections would result in a precision of X Ϯ 5.4 axons. A random starting section to begin counts was determined by randomly selecting a number between 1 and 4. For each section, the number of BDT-labeled axons was counted at 3 mm intervals caudal to the lesion, beginning 1 mm distal to the injury (i.e., 1 mm, 4 mm, 7 mm, etc.) and ending 19 mm caudal to the lesion site. Innervation of the rat forepaw extends to T1, a distance of 15.1 mm from the lesion at C3. Therefore, analysis of the axons out to 19 mm caudal to the lesion ensured that the entire distance representing the forepaw was examined. At each interval, the total number of BDT-labeled axons (left and right C ST combined) along a 500 m length (length of microscope field) was counted. In each field counted, the focal plane was adjusted up and down to ensure that a single continuous axon was not double counted if it traversed out of the focal plane and reemerged farther down in the same field. After the data were compiled, they were analyzed using the statistical software program Prism. A one-way ANOVA was performed, with an ␣ level of 0.05, followed by a Bonferroni's multiple comparison test for the data from all of the groups at each interval counted. Data are presented as mean Ϯ SEM number of axons.
RESULTS

Immediate postoperative observations
During the week after surgery, all animals were observed for lack of bladder control, wound opening, and signs of infection but were not systematically analyzed for neurological deficits. In some animals, a slight paresis and/or ataxia was noted, but these symptoms resolved within 2 weeks of surgery.
Functional recovery
Rats were tested before surgery to establish a DFR presurgery baseline. This presurgical baseline ensured that all rats were functionally capable of performing the DFR task before lesioning. To prevent differences in presurgical ability from influencing the postsurgical scores, all rats were required to perform the DFR task at a success rate of at least 90%. As noted at the beginning of Materials and Methods, two rats did not perform at this level and were therefore eliminated from the study. All other rats met the criterion necessary for inclusion in the study. The presurgery DFR scores (Fig. 1C) for each group were as follows: sham, 95.95 Ϯ 3.91; lesion, 95.19 Ϯ 3.72; vehicle, 95.41 Ϯ 4.11; MP, 95.20 Ϯ 4.59; EC, 94.40 Ϯ 3.47; and MP/EC, 93.97 Ϯ 3.89 .
During the sixth week after injury, rats were tested to assess their ability to perform the DFR task (Fig. 1 D) . Using this functional test, the sham animals performed the DFR task as well postsurgically (94.86 Ϯ 3.86%) as they did presurgically. This finding demonstrated that only the lesion, and no other portion of the surgical procedure, inhibited the rats' abilities to perform the DFR task. When compared with the sham group, a significant functional deficit was noted in all rats that were lesioned, regardless of their treatment group. However, this functional deficit in performing the DFR task was not the same across all of the experimental groups.
The lesion and vehicle groups were the most impaired of all of the groups after surgery. The lesion and vehicle groups were able to perform the DFR task with a success rate of only 38.38 Ϯ 8.31 and 42.41 Ϯ 7.10%, respectfully; there was no significant difference between these two groups. The MP group, with a success rate of 56.66 Ϯ 5.63%, performed significantly better than the lesion and vehicle groups. The EC group performed the DFR task significantly better than the lesion, vehicle, and MP groups, with a success rate of 71.84 Ϯ 5.20%. Like the EC group, the MP/EC group, with a success rate of 78.26 Ϯ 6.68%, performed the DFR task significantly better than the lesion, vehicle, and MP groups. Although the group that received the combination treatment of ECs and MP performed the DFR task with a higher success rate (78.26%) than the group that received ECs alone (71.84%), this difference was not statistically significant.
Histology and axonal counts Fluorogold-labeled neurons
The primary motor cortex was examined in all rats used in this study. All of the brains contained Fluorogold-labeled neurons in layer V of the primary motor cortex, confirming that the dorsal CST axons were transected during the lesioning procedure (Fig.  2) . Because all CST axons located in the dorsal funiculus were transected during surgery and not just those in the forelimb representation, Fluorogold-labeled neurons were found throughout the primary motor cortex in layer V. Unlabeled pyramidal neurons were also found scattered throughout the primary motor cortex in layer V. It is believed that these neurons correspond to uncrossed CST axons located in the ventral funiculus of the spinal cord. The only exception to this labeling pattern was in the brains of the rats that were in the sham group, whose brains had no Fluorogold label.
Biotin dextran tetramethylrhodamine-labeled axons
All of the groups showed some CST axonal growth caudal to the lesion, although regrowth was not necessarily found in all of the animals in every group. There were three rats (two lesion and one vehicle) that did not have any BDT-labeled CST axons caudal to the lesion site. To ensure that the lack of labeled CST axons did not result from a problem with the BDT or the labeling technique, the spinal cords of these three rats were examined rostral to the lesion. All three were found to have BDT-labeled CST axons proximal to the injury site.
In all groups, CST axons were found to course in the white matter of the dorsal funiculus and, on occasion, were seen to enter the gray matter. When these CST axons did migrate into the gray matter, they coursed along the border between the gray and white matter. In those rats that received EC transplants, ECs were found to migrate throughout the spinal cord white matter; however, they were rarely found in the spinal cord gray matter. Although the ECs were not found to specifically align along the length of the axons, the ECs were found in all areas in which regrowing axons were seen. The tissue was analyzed up to 19 mm caudal to the lesion, and ECs were visible at this distance and densities that qualitatively appeared to be similar to all distances analyzed at 4 mm caudal to the lesion and beyond. However, ECs did appear to be most dense at 1 mm caudal to the lesion.
The number of BDT-labeled axons present was examined for all control and experimental groups at 1, 4, 7, 10, 13, 16, and 19 mm caudal to the lesion site. A representative photomicrograph from each group (Fig. 3) and a graph comparing the means from the groups (Fig. 4 A-C) are presented for 1, 10, and 19 mm. Presented in Figure 4 D is the mean number of labeled axons for each group at all of the distances examined. Differences between the means of groups were difficult to visualize on most of the graphs when the sham group data were included because the means for the sham group were much larger than the means of all the other groups, except at 1 mm. Therefore, the data for the sham group are only represented graphically in Figure 4 A, which presents the data for the groups at 1 mm caudal to the lesion. Throughout all of the examined intervals, the mean number of axons were highest in the sham group (Fig. 4 D) , and, at each distance examined, the mean number of labeled axons in the sham group was significantly higher than in all other groups, with one exception, which is noted below.
Supporting the functional data reported above, there was no significant difference between the means of the lesion and vehicle groups at any distance examined (Fig. 4) . In these two groups, axons were found only a short distance caudal to the injury (Fig.  4 A) , and, by 10 mm distal to the lesion (Fig. 4 B) to the farthest distance examined (Fig. 4C) , all of the tissue was virtually devoid of axons in both the lesion (Figs. 3A-C, 4D ) and vehicle (Figs.  3D-F, 4D) groups.
In the MP group, axons could be found through 7 mm; however, at 10 mm and beyond, the MP had very few labeled axons (Figs. 3G-I, 4D ). When analyzed statistically, the MP group had significantly more axons than the lesion and vehicle groups at 1, 4, and 7 mm (Fig. 4 A, D) . However, at 10, 13, 16, and 19 mm, no significant differences were found among the means of these three groups (Fig. 4 B-D) .
In examining the photomicrographs of the tissue from the EC group (Fig. 3J-L) , it can be seen that this group had many more labeled axons than the lesion (Fig. 3A-C) , vehicle ( Fig. 3D-F ) , or MP ( Fig. 3G-I ) groups. Although the number of labeled axons decreases in proportion to distance caudal to the injury (Fig. 4 D) , axons were visible even at the farthest distance analyzed (Fig.  3L) . In all tissue examined in the EC group, Cell Tracker greenlabeled ECs were found in the areas in which regrowing axons were located (Fig. 5) . Analysis of the data demonstrated that, compared with the lesion, vehicle, and MP groups, the EC group had significantly more axons at all distances examined (Fig. 4) . These data support the functional findings, which demonstrated that the rats receiving ECs regained significantly more CST function than the lesion, vehicle, and MP groups.
At 1 mm distal to the injury, the mean of the MP/EC group was not significantly different from the rats in the sham control group (Figs. 3 A, P, 4A, D) . After 1 mm, the sham group had significantly more axons than the MP/EC group (Figs. 3M-R, 4) . As with the EC group, the number of labeled axons in the MP/EC group decreased as distance from the lesion increased (Fig. 3M-O, 4D ), but axons could still be seen at 19 mm (Fig. 3O) . As in the EC group, the MP/EC group exhibited ECs that were visible throughout the regions in which axons were found (Fig. 5) . Statistical analysis revealed that the MP/EC group had significantly more axons than the lesion, vehicle, and MP groups at all distances examined (Fig. 4) , which agrees with the functional findings presented above. When the means from the group that received the combined treatment were compared with the means from the group that received only ECs, significant differences in results occurred at most distances caudal to the injury (Fig. 4) . Analysis of the data from 1, 4, 7, 10, and 13 mm demonstrated 10 mm ( B) , and 19 mm ( C) caudal to the lesion. Because the axon means are so high at all distances relative to the axon means for the other groups, the data for the sham group are only presented graphically at 1 mm caudal to the lesion ( A). The table ( D) is included to provide the complete set of data for the axon counts at the seven distances (1, 4, 7, 10, 13, 16, and 19 mm) caudal to the lesion for the three control and three experimental groups used in this study. Data are presented as mean Ϯ SEM number of axons.
that the MP/EC group had significantly more axons than the EC group (Fig. 4 A, B,D) . However, no significant differences between the means of these two groups were found at 16 and 19 mm caudal to the lesion (Fig. 4C,D) . This lack of significant differences between the means of the EC and MP/EC groups at the farthest distances analyzed may explain the lack of a significant difference between the DFR performance of these two groups but may have resulted in functional differences with a longer recovery period.
DISCUSSION
Currently, there is no treatment regimen available to restore sensory and motor function after debilitating SCI in humans. However, progress is being made in animal research. Numerous treatment strategies are being investigated to repair damaged axons after SCI in rats (David and Aguayo, 1981; Goldberg and Bernstein, 1987; Schnell and Schwab, 1993; Joosten et al., 1995; Xu et al., 1995; Chen et al., 1996; Kalderon and Fuks, 1996; Bregman et al., 1997; Guest et al., 1997; Oudega et al., 1997; Ye and Houle, 1997; .
Among these strategies are the transplantation of various cell types, including fetal cells (Kunkel-Bagden and Bregman, 1990; Bernstein-Goral and Bregman, 1997; Mori et al., 1997; Bregman et al., 1998; Diener and Bregman, 1998a; McDonald, 1999) and Schwann cells (Kuhlengel et al., 1990; Li and Raisman, 1994; Xu et al., 1995; Chen et al., 1996; Martin et al., 1996; Guest et al., 1997) . Fetal spinal cord transplants have been shown to support the regrowth of CST, raphespinal, and rubrospinal axons (Diener and Bregman, 1998b) , as well as promote functional recovery after injuries to the neonatal spinal cord (Diener and Bregman, 1998a) . The transplantation of murine embryonic stem cells into lesioned adult rat spinal cords has resulted in enhanced weight bearing and coordination of hindlimbs (McDonald, 1999) . However, there are a number of ethical issues surrounding the use of embryonic tissues that must be resolved before its use in a clinical setting.
Schwann cells have also been shown to promote regeneration after SCI. Schwann cells have been found to be most effective when transplanted immediately after lesioning, resulting in reduced gliosis, improved Schwann cell survival, and improved regeneration of axons (Martin et al., 1996) . Transplanted Schwann cells have been shown to induce axonal sprouting (Li and Raisman, 1994) , regrowth into the lesion , and, when used in combination with methylprednisolone, the regrowth of axons beyond the lesion into the host spinal cord and produce modest functional improvement (Guest et al., 1997) . Although transplanted Schwann cells encourage axonal regrowth and improve function, Schwann cells do not thrive well in the CNS. A number have studies have shown that Schwann cells have a poor survivability rate in the presence of astrocytes, and their ability to remyelinate is diminished (Franklin and Blakemore, 1993; Iwaniuk et al., 1999) . In an astrocyte-free environment, Schwann cell remyelination is much more prevalent (Duncan et al., 1988; Shields et al., 2000) . This is because, although Schwann cells transplanted into the CNS are capable of promoting CNS axon regeneration, Schwann cells do not integrate well with astrocytes, a primary component of CNS lesion sites (Lakatos et al., 2000) . The ideal candidate for CNS transplantation may be a cell type that endogenously exists in the CNS and is therefore able to thrive in the CNS environment, as well as promote regeneration and remyelination. A cell type that meets these criteria is the EC (Franklin and Barnett, 1997; Bartolomei and Greer, 2000; Lakatos et al., 2000) , shown recently to promote regeneration after SCI.
Investigators have examined previously the ability of ECs to promote axonal regeneration after SCI (Li et al., 1997 (Li et al., , 1998 Imaizumi et al., 2000; Ramon-Cueto et al., 2000; Lu et al., 2001) . Our results support data that has been reported previously regarding the ability of ECs to promote axonal regeneration and functional recovery. As in our study, previous research by Li et al. (1998) and Ramon-Cueto et al. (2000) found the transplanted ECs promoted the regrowth of CST axons grown through the lesioned site. Transplanted ECs have also been reported previously to promote functional recovery (Li et al., 1997; RamonCueto et al., 2000) , a finding that our data supports.
The ability of ECs to promote axonal regeneration when combined with other therapies has also been investigated (RamonCueto et al., 1998) , but no one had investigated ECs in combination with MP. The combined effects of these two therapies are critical in determining whether ECs are to be considered for use in humans, because MP is the only current treatment used clinically after an acute SCI (Bracken et al., 1984 (Bracken et al., , 1990 (Bracken et al., , 1997 ).
In the experiments described herein, MP was found to promote axonal regeneration and improve functional recovery after SCI when compared with untreated rats. These improvements, although statistically significant, were not sufficient to result in complete restoration of DFR function (57%), probably resulting from the limited distance that axons were found to regenerate (ϳ7 mm). In contrast, treatment with ECs resulted in axonal elongation to the farthest distance analyzed caudal to the injury site (19 mm) and the highest functional scores of all of the lesioned rats. This elongation was found whether ECs were applied alone or in combination with MP. Although more axons were found in the MP/EC group than the EC group at distances up to 13 mm caudal to the lesion, this increase in axons was not enough to significantly improve DFR performance of the MP/EC group (78%) when compared with the EC group (72%). However, given more time, it is possible that the larger number of axons seen at shorter distances could extend farther, resulting in more functional recovery in the MP/EC group.
It is equally critical to note is that, when MP was used in combination with ECs, there was not a decrease in axonal regeneration or functional recovery, which was a potential concern. Astrocytes have the capacity to act as immune cells (Dong and Benveniste, 2001) , and MP is known to suppress the function of immune cells (Wahl et al., 1975; Almawi et al., 1991) . Because ECs share phenotypic characteristics with astrocytes, it was possible that MP could have suppressed the function of ECs, resulting in a decreased effect in the MP/EC group. Investigation into the mechanisms of action of MP and ECs yield little insight because, as seen below, the mechanism of action for MP is still hotly debated and the mechanism of action for ECs is just starting to be elucidated.
One mechanism to explain the action of MP is through binding of the glucocorticoid receptor, which mediates its anti-inflammatory properties. MP inhibits inflammatory processes induced after SCI (Hsu and Dimitrijevic, 1990) , such as chemotaxis (Espersen et al., 1989) and the release of lysosomal enzymes (Schleimer et al., 1989) . MP also inhibits phospholipase A2 activity (Hirata et al., 1980) , which reduces the production of metabolites of the arachidonic acid cascade (Becker and Grasso, 1985) thereby reducing the formation of free radicals (Hirata et al., 1980; Becker and Grasso, 1985; Kontos et al., 1985; Williams and Higgs, 1988) . MP also reduces expression of tumor necrosis factor ␣, decreasing the activation of nuclear factor-B (Xu et al., 1998) , thereby diminishing the intensity and duration of the inflammatory response (Xu et al., 1998) . Whereas these effects are achieved with administration of MP at a dose of 0.03 mg/kg (Young et al., 1988) , to be clinically effective after SCI, MP must be administered at the large dose of 30 mg/kg . At this dose, MP exhibits antioxidant effects, which allows it to scavenge free radicals, thus decreasing the oxygen radical-induced lipid peroxidation of cell membranes (Demopoulos et al., 1980 ). This mechanism is believed to be independent of the glucocorticoid receptor-mediated actions of MP, as evidenced by the large dose required to achieve these effects . Also supporting this theory are data demonstrating that synthetic steroids created to have greater antioxidant effects than MP, but lacking any glucocorticoid activity, are as effective as MP when applied after SCI (Hall, 1993) .
The mechanism of action of ECs is still unknown, but clues about the mechanism of action are beginning to emerge. ECs were found to promote the growth of retinal ganglion neurites in coculture (Sonigra et al., 1999) . Speculating that calciummediated signal transduction may be involved in the growthpromoting properties of ECs, the calcium channel inhibitors verapamil and -conotoxin, as well as BAPTA-AM, a calcium chelator, were applied to the cocultures. Application of these inhibitors blocked the increase in axonal growth in the cocultures, leading to the conclusion that ECs may promote regeneration through calcium-signaling pathways (Sonigra et al., 1999) . A subsequent study (Kafitz and Greer, 1999) demonstrated that olfactory receptor cell extension in culture was facilitated by exposure to media conditioned by ECs, indicating that the neurite growthpromoting properties of ECs were, at least in part, mediated by diffusible factors. Data supporting this idea was reported earlier this year, when cultured ECs were found to express nerve growth factor, brain-derived neurotrophic factor, and glial cell linederived neurotrophic factor (Woodhall et al., 2001) .
Whereas these data provided two mechanisms of action for MP and insights into possible mechanisms for ECs, what they did not provide is any insight into the effects of using MP and ECs in combination. However, the study described in this paper does. These experiments demonstrated that ECs, not only alone but also in combination with MP, are able to promote regrowth and extension of CST axons after trauma to the adult rat spinal cord. In fact, although no statistical difference was found between the EC and MP/EC groups functionally, a significant increase in axon numbers up to 13 mm caudal to the lesion indicate that MP may improve the regenerative properties of ECs.
Results using ECs to repair damaged spinal cord axons in animal studies have been so successful that researchers are now beginning to investigate the feasibility of transplanting ECs into human beings. Pig ECs had been genetically engineered to express a human complement inhibitory protein, which is intended to decrease rejection of the tissue if transplanted into human beings (Imaizumi et al., 2000) . After transplantation into adult rats after dorsal column transection, pig EC transplants promoted axonal regeneration, elongation, and remyelination and restored impulse conduction across the lesion site (Imaizumi et al., 2000) . Although rodent and porcine ECs promote repair after SCI, little has been determined about human ECs. Recently, ECs, obtained from adult human olfactory nerves removed from patients undergoing olfactory nerve resection, were transplanted into the demyelinated spinal cords of adult rats (Kato et al., 2000) . Extensive remyelination, characteristic of ECs, was observed throughout the lesion site, demonstrating that human ECs are able to promote remyelination (Kato et al., 2000) . These results further demonstrate that ECs have good potential for treating spinal cord injuries in human beings.
The experiments described herein confirm that ECs promote axonal regeneration and elongation, resulting in recovery of DFR behavior after SCI in adult rats. The morphological and functional regenerative properties of ECs were not hindered when used in combination with MP. Instead, the ability of ECs to
